INTRODUCTION
The mitral valve (MV) is a complex apparatus, mainly consisting of mitral annulus, anterior and posterior leaflets, chordae tendineae and two sets of papillary muscles. The MV is situated between the left atrium and the left ventricle, which, under regular healthy conditions, ensures that blood can only flow in one direction. Therefore, there are two key stages to understand the function of the MV. Firstly, the valve allows blood to flow from the left atrium to the left ventricle during diastolic ventricular filling, and secondly, the valve prevents backflow of blood into the left atrium during systolic ventricular ejection [1] . If the valve is diseased, it cannot ensure a unidirectional flow of blood into the left ventricle, causing the back flow of blood into the left atrium during systole, a condition known as mitral regurgitation (MR). There are multiple notable causes of MR, but this study will focus on posterior leaflet prolapse and ruptured chordae tendineae in the context of hypertrophic obstructive cardiomyopathy (HOCM) [2] .
A population-based study into the burden of valvular heart diseases highlighted that MR is the most common heart disease in the western population, and the prevalence of the disease rose strikingly with advancing age [3] . For this reason, there is a lot of interest in developing safer and more repeatable procedures for the treatment of MR. More specifically, there is a push to develop procedures which are less invasive than conventional open-chest surgery, as a large number of patients (as many as 49%) with MR in need of repair or replacement are considered at high risk for surgical intervention [4] . Reasons for this high risk association can be due to the patients' age and other comorbidities (the presence of additional diseases co-occurring with the primary disease) and the result is that the patients simply do not qualify for conventional openchest surgery [5] .
The MitraClip system is a minimally invasive procedure to treat MR in the case where a patient isn't eligible for open-chest surgery. Unlike conventional surgery, the MitraClip procedure does not require opening of the chest. Instead, clinicians access the MV with a catheter that is guided through a vein in the patient's leg to reach the heart [6] . There are also a lot of cases which suggest that the MitraClip system is in fact an effective approach for the treatment of severe MR in practice. The initial Egyptian experience study into percutaneous mitral repair with MitraClip system demonstrated that, out of five patients, procedural success was achieved in all patients (100%). There was no procedural mortality after 30 days. In addition to the reduction in MR severity, the clinical status improved in 4 patients (80%) at discharge [7] . Furthermore, the initial French experience provided additional evidence to support the positive effects of MitraClip implantation. The study was based on the treatment of 62 patients (72.7 ± 11.4 years; 71.7% men; New York Heart Association (NYHA) class III or IV; MR ≥ grade 3) and assessed their conditions pre and post treatment. The study concluded that the in-hospital mortality rate was 3.2%, survival rate at 6 month follow up was 83.1%, with 90.9% of patients in NYHA class I or II and residual MR ≤ grade 2 in 80% of cases [8] . So, despite being an initial learning phase, the results should be seen as promising for the patients who are ineligible for open-chest surgery. That being said, there is a clear indication for further improvement of the MitraClip system, particularly the use of simulation work and clinical trials to further understand the MV and its interaction with the MitraClip.
Therefore, the aim of this paper is to investigate the effects of MitraClip implantation on regurgitant MV function, in terms of the valve's ability to close entirely during systole as well as stress distribution across the valve leaflets at peak systole and diastole, in a finite element (FE) environment.
METHODS

Description of mitral valve model
Simulations were carried out by Abaqus explicit solver [9] . The step time was 1 s for the systolic step in all simulations. The stable time increment was of the order 10 -6 s throughout the analysis. The MV geometry was created using surface modelling tools available in NX [10] and dimensions were based on an anatomic study into intact and excised valves [11] . Notably, the anterior leaflet, posterior leaflet and commissures have a height of 18 mm, 11 mm and 6 mm, respectively. The annulus was approximated to an elliptical profile with a major axis of 34 mm and a minor axis of 24 mm [ Figure 1 ]. The main steps to create the geometric model were extruding an ellipse to form a solid body, then creating planar sketches for the anterior and poster leaflet profiles, and finally projecting these sketches around the solid body. The result was a planar surface contained within a 3D modelling space which could then be imported into Abaqus to complete the preprocessing stages.
The geometry was discretised into 1,023 S3 shell elements (3-node triangular general-purpose shell, finite membrane strains) and a thickness of 1 mm was assigned to each element (the thickness was assumed uniform across the tissue). A series of spring elements were attached to the free edge of the leaflets to represent the chordae tendineae. A stiffness of 1.6 N/mm was assigned to each spring [12] . Two reference points were used to account for the papillary muscles.
The simulations were carried out for two separate models. The first configuration was the diseased valve without a clip, aiming to understand how the MV is failing to operate [ Figure 1 ].
The second configuration employed a reconstructed geometry, where the central regions of the anterior and posterior leaflets were clamped together to represent the MitraClip implanted [ Figure 2 ].
Interaction, loading and boundary conditions
The motion and pressures in which the MV apparatus experiences during systole and diastole are completely governed by its interaction with blood flow as it passes from the left atrium to the left ventricle. Since blood will not be explicitly modelled within the FE simulation, appropriate boundary conditions and loading will need to be applied to the valve to capture this interaction.
In both simulations, a linearly increasing ventricular pressure from 0 to 120 mmHg (0.016 MPa) was applied to the outer surfaces of the valve to represent systolic peak during the first step. In the second step, a linearly increasing pressure from 0 to 5 mmHg (0.0007 MPa) was applied to the inner surfaces of the valve to represent diastole. The annulus and papillary muscles were fully constrained, and the effect of papillary muscle displacement and annular motion on the stress pattern was shown negligible at systolic peak [13] . For the second simulation, the central-region nodes were also fully constrained to represent the MitraClip. In this study, MitraClip was not modelled explicitly in the FE simulations. Instead, full constraints have been used to define the MitraClip's interaction with the leaflets. The amount of interaction between the anterior and posterior leaflets was decided based on the dimension of the MitraClip, taken from Abbott's product specification [14] . Specifically, a total of 114 elements in the central region of the leaflets (78 elements for anterior and 36 elements for posterior) were fully constrained to define the interaction between the anterior and posterior leaflets as a result of the clip.
A surface to surface contact condition was defined between all the inner surfaces of the MV. For the normal behaviour, hard contact was used to model the overclosure response, and separation was allowed after contact. For the tangential behaviour, a penalty friction formulation was used, and the value of friction coefficient assigned was taken as 0.05. Directionality of friction was assumed to be isotropic. This interaction has been previously justified, as it characterises the contact between soft and wet surfaces, such as hydrogels, whose surface behaviour may be considered a good approximation for the leaflets in the absence of further experimental data. The use of the penalty contact algorithm (assumes surfaces start to interact just before they actually touch each other) is also justified as in-vivo leaflets do actually start to interact before coapting, since just before actual contact a blood film is trapped between them and then moved away by the leaflets [15] .
Material model
A 5th order hyperelastic reduced polynomial model (available in Abaqus CAE) was adopted to describe the mechanical behaviour of the MV tissue. This model assumes that the deformation of the material can be described by a strain energy density formulation, from which the stress-strain relationship can be derived. The strain energy density equation is defined as [16] :
where U is the strain energy per unit of reference volume, N is a material parameter, C i0 and D i are temperature-dependent material parameters. Here, is the first deviatoric strain invariant defined as: (2) where the deviatoric stretches , J is the total volume ratio, J el is the elastic volume ratio and l i are the principal stretches. 
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For the anterior leaflet, the model parameters were obtained by fitting the constitutive equation to experimental radial stress-strain data of HOCM anterior valve tissue provided in the literature [17] . It should be noted that the anterior and posterior leaflets exhibit different mechanical behaviour, with the posterior leaflet having higher extensibility (i.e., lower stiffness). Due to a lack of stress-strain data for the HOCM posterior leaflet, a shift, based on the difference measured for healthy anterior and posterior leaflets [17] , has been applied to the stress-strain data for HOCM anterior leaflet in order to capture the increased extensibility of a posterior leaflet. The shifted stress-strain data were then used to calibrate the model parameters for the HOCM posterior leaflet. The resulting curve fit and model parameters can be seen in Figure 3 and Table 1 , respectively, and were obtained by conducting single-element simulation using the described material model. The compressibility (D) parameters were fixed based on the assumption of MV tissue being "nearly incompressible" [18] , whilst the C values were refined iteratively to obtain the closest fit. A density of 10.4 g/cm 3 was assigned to all MV tissue. This value is ten times higher than the actual value to account for the inertial effects of blood flow [13] .
As aforementioned, the mechanical behaviour of the chordae tendineae was described using a simplified spring stiffness approach. The value of 1.6 N/mm was estimated according to chordae properties given in the literature [12] . The use of built-in SPRINGA elements from the Abaqus library is ideal for simulating the response of the chordae tendineae, as this element is able to transmit axial load through a line of action and this line of action is able to rotate when subjected to large-displacement analysis [19] , which is characteristic of the simulations within this study.
RESULTS
Continuum mechanics can be used to describe the deformation of structures through the use of a ninecomponent stress tensor. However, individually, these values can be difficult to interpret and use in a practical sense. Therefore, more informative stress values can be obtained through the use of mathematical operations, derived from the original nine-component tensor. In this study, the results were provided with respect to the maximum principal stresses in the leaflets. The principal stresses indicate the minimum and maximum normal stresses an element will undergo for the given external loading conditions.
Systole
Figures 4 and 5 show the simulation results for the diseased valve operating at peak systole, without and with the MitraClip, respectively. The deformation scale factor is set to 1 for true representation.
It can be seen from Figure 4 that the posterior leaflet has prolapsed due to a combination of the increased extensibility of HOCM leaflets and the ruptured chordae presented in the model. The area created by this prolapse would allow for a regurgitant jet to pass blood back into the left atrium and subsequently cause MR. In terms of the stress distribution, it generally falls in the range of 50-300 kPa across most of the valve's surface. However, there is a large stress concentration of approximately 2.0 MPa in the region where the prolapsed leaflet is attached to the chordae. This can be expected due to the unnaturally large amount of deformation experienced by the posterior leaflet during these prolapsed conditions. That being said, the key finding highlighted by Figure 4 is the displacement of the posterior leaflet, and how its position at peak systole is preventing complete closure of the MV leaflets.
From Figure 5 , it can be seen that the introduction of the MitraClip has affected the MV function at peak systole. The central region of the leaflets, fixed together as a result of clip implantation, has solved the previous issue of prolapse. From the aerial view, it can also be seen that the valve has almost completely sealed off any gaps which were present before. The order of magnitude of stress has not been affected significantly by the introduction of the MitraClip across the majority of the surfaces.
In terms of specific values, the stress distribution generally falls in the range of 50-300 kPa across the majority of the valve's surface, similar to the simulation without MitraClip [ Figure 4 ]. However, the introduction of the clip has significantly reduced the peak stress experienced by the valve to a value of 
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approximately 600 kPa (compared to 2.0 MPa for the simulation without MitraClip; Figure 4 ). This is because the fixed central region of the leaflets eliminated the stress caused by posterior leaflet prolapse. Figure 5 highlights that the MitraClip has not only improved the MV function in terms of its ability to coapt successfully, but also alleviated the local increase in stress due to prolapse.
Diastole
Figures 6 and 7 show the valve operating during diastole, without and with the MitraClip, respectively. The MV is subjected to a reduced level of stress during diastole due to the lower atrial pressure applied and the lack of surface interaction between the leaflets.
In Figure 6 , the region where the chordae are ruptured leads to an increase in stress relative to the rest of the valve. This follows a similar pattern to the stress concentration presented in Figure 4 ; however, the order of magnitude is much lower. The stress distribution across the leaflets generally falls in the range of 0 to 75 kPa, and peak stress occurs in the regions on the posterior leaflet where the chordae was attached, with a magnitude of approximately 350 kPa. The increased extensibility of the HOCM leaflets and ruptured chordae has also caused the posterior leaflet to displace further in the ventricular direction than what would be seen under healthy conditions. Figure 7 highlights the "double orifice area" induced by the clip during diastole. This is a key feature that arises as a result of the anterior and posterior leaflets being clamped together through the use of a clip. As the central region of the valve leaflets are fixed together, a small gap is created on either side of the clip during diastolic ventricular filling. The double orifice area is a crucial characteristic after edge-to-edge repair of the MV, as it acts as passageway for blood to flow through during diastole but allows for the leaflets to completely close up and seal off backflow of blood during systolic ventricular ejection [20] .
Even with the presence of a double orifice area, the majority of the valve is still subjected to a relatively low level of stress (less than 30 kPa), with a few small areas of stress concentration due to the attachment of the 
DISCUSSION
Previous clinical trials have reported the successful use of the MitraClip system as a solution for severe MR in the context of HOCM. A study of six patients suffering from the disease concluded that percutaneous mitral repair using the MitraClip is feasible and may be performed safely in HOCM, and this technique can be effective in reducing MR and improving symptoms [21] . This is supported by clinical trial which reported that patients experienced a reduction in MR and a reduction in the left ventricular outflow tract (LVOT) gradient from a mean of 75.8 ± 39.7 to 11.0 ± 5.6 mmHg [22] . Nearly all patients demonstrated improvements in symptoms by either new NYHA class designations or improved exercise tolerance [22] .
The results of our FE simulations provided further evidence to support that MitraClip implantation is a viable approach for solving MR in the case of posterior leaflet prolapse due to HOCM leaflet extensibility and chordae rupture. The introduction of the clip has prevented the leaflet from prolapsing and aided in almost complete closure of the valve during peak systole. The general order of magnitude of stress across the leaflets has not been affected significantly by the clip during systole and diastole. In fact, in the previously prolapsed region where the chordae are present, the MitraClip has alleviated stress significantly.
There have been a number of previous studies into FE modelling of the MV apparatus with a focus on topics such as nonlinear tissue response, annulus dilation and relative papillary muscle motion. However, the literature is limited regarding simulations of the MitraClip system in an FE environment, and also addressing the diastolic stage. The novelty of the current study lies with the concise side-by-side comparison of the same diseased valve, operating under the same loading conditions, with and without the MitraClip, respectively. The performance of the valve has been assessed under both peak systolic and peak diastolic conditions, and a quantifiable improvement in MV function has been established after introduction of the clip. Therefore, the results should aid in a better understanding of the implications that the MitraClip system has on both the stress distribution and deformation of the MV leaflets. This information may aid in further development of the MitraClip and should encourage further research into advanced, minimally invasive treatments for severe MR in high risk patients.
Further work is also needed to refine the FE method employed in the current study to more accurately capture the impact of HOCM and produce more comprehensive results in the future. Notably, the effects of annulus dilation and relative papillary motion will have to be accounted for to produce a less conservative model. Furthermore, a deeper analysis into simulating systolic anterior motion would be beneficial due to the risk of LVOT obstruction and MR, which is associated with a 20% risk of sudden death [23] . That being said, the current study has provided a solid ground to extend to these related areas. In addition, a fluidstructure interaction (FSI) model would be more helpful for analysing MitraClip behaviour during diastolic stage. Some previous computational studies have employed FSI approach in modelling and understanding the function of mitral valve [24, 25] , but not in the context of MitraClip repair. To run an appropriate FSI analysis for mitral valve repaired with MitraClip, it will require tremendous additional efforts and times, and seems beyond the scope of current study. Nevertheless, the research group are currently undertaking such analyses and the results will be reported in future.
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